Abstract -Recently a new technology of wind turbines has been introduced which is going to have a remarkable share in the market in the close future. This wind turbine has two set of blades. So it is more efficient for collecting energy from wind in comparison to a single rotor wind turbine. This paper investigates the dynamic behaviour of the dual and single rotor wind turbines under unbalance transient conditions. To reach to this stage the models of mechanical and electrical components which exist in PSCAD/MTDC library have been used and combined together according to the configuration of the single and dual rotor systems. Both wind turbines are actuated and monitored from three aspects. Firstly, a step change in wind speed is applied which leads to a change in mechanical torque. Secondly, voltage sag is considered at the generator terminal which causes electromagnetic torque shock. Third, the amount of energies which is released by the mechanical systems after network frequency drop, are compared with each other to evaluate which one can support the frequency better. In all calculations the stream tube effect has been entered to the simulations. Different variables of wind turbines are evaluated and the operations of the rotors are compared.
INTRODUCTION
As the world perhaps faces the greatest challenge to civilization in centuries i.e. global warming, governments are actively participating in and contributing their efforts to the renewable energy community. Energy companies are working with interested government agencies, conservationists, scientists, utilities and research institutions to support the advancement of new wind energy technologies, the development of wind-powered applications and progress toward a sustainable economy. Early wind farms employed simple squirrel cage induction generators that operated at a speed that is substantially constant and as a consequence of this are normally referred to as fixed speed induction generators (FSIGs). Lacking control capability, such generation can contribute little to network support and relies on the network for maintaining adequate voltage levels for its successful operation [1] .
While it can be shown that such FSIG-based wind farms can provide a contribution to network damping [2] , their ability to survive network faults is poor. The use of a doubly fed induction generator (DFIG) on a wind turbine not only improves the efficiency of energy transfer from the wind, but also provides wind farms with the capability of contributing significantly to network support and operation with respect to voltage control, transient performance, and damping [1] .
Over the last decade, energy companies have strived to improve the performance quality of the wind farms. In this direction, a new wind turbine generator system (WTGS) has been recently developed. As shown in Fig. 1 this new WTGS, which has two sets of rotor systems, is more efficient than the conventional single rotor WTGS from the energy extraction point of view [3] . Because most of the aerodynamic torque is generated from the tip portion of the blade, a relatively small and auxiliary rotor, which is positioned at the upwind location, would compensate for the less effective portion of the main rotor located downwind. The directions of rotation of the auxiliary and the main rotor are opposite to each other, and the gear ratio is set so that each rotor can rotate at its optimum tip speed ratio. In [4] the dynamic performance of the dual rotor system has been studied based on multi-body dynamics approach. In this paper a model is provided to present the detailed procedures used to show the system dynamic and aerodynamic. The model is suitable for testing the various pitch control algorithms. Although the performance of the dual rotor system has been simulated and illustrated, the authors have not compared the dynamic response of the dual-rotor with a single rotor turbine. Even though it has been shown that at the same wind speed and environmental conditions the efficiency of the dual rotor is more, but it has not yet been determined that its dynamic performance is better than single rotor. Obviously, the dynamic behaviours of the dual-rotor and single-rotor turbines are different, because in the dual rotor system there is one additional shaft and set of blades. Also, the used gear boxes for adopting the speed in single and dual rotors are spur and bevel, respectively, which have different dynamics. Additionally, in calculating the aerodynamic torque reference [4] it has been assumed that the stream tube behind the auxiliary rotor disk can be neglected. This assumption can decrease the accuracy.
In this paper, the dynamics of the dual and single rotor wind turbines are compared together while stream tube effect is entered into the calculations. Each of the single and dual rotor turbines are connected to an identical individual generator. The balance of torque is disturbed from both mechanical side (wind gust) and electrical side (voltage sag). The fault is applied and removed at the terminals of the generators, with standard duration [5] , for studying dynamic simulation. At the end, the abilities of wind turbines for regaining the network frequency are compared with each other. This paper is organized as follows: In Section II mechanical models of different components of the dual rotor are presented; Section III outlines mechanical dynamic models and block diagrams for both dual and single rotor wind turbines; stream tube effect is calculated for the dual rotor system in Section IV; Computer simulation results are conducted in section V.
II. MECHANICAL DYNAMIC MODEL
In this section the dynamic model of different components of single and dual rotor wind turbines are discussed. Fig. 2 .a and Fig. 2 .b show the elements of the single and dual rotor wind turbines, respectively. 
A. Spur and Bevel Gears
Simple dynamic models for one-stage spur and bevel gearboxes with two degrees of freedom are presented in Fig. 3a [6] and Fig. 3b [7] respectively. These modelling approaches allow the characterization of the pinion---wheel contact point with damping and stiffness coefficients. The definitions of parameters in Fig. 3 Rotational angle of wheel in spur and bevel;
The average radius in bevel gear can be obtained as follows (please refer to Appendix A):
Where:
L : Face width. There is some dissimilarity between the gearboxes which have been used in single and dual rotor wind turbines. The differences are due to two main reasons. The major cause is the difference between the numbers of the components which are connected through gearboxes; according to Fig. 2 .a, in single rotor system there are two shafts connected by the gearbox, while for the dual rotor system in Fig. 2 .b the gearbox is connecting three shafts. So the configurations of the differential equations which define the dynamic behaviours of the gearboxes are different. The minor cause of difference is related to the structure unlikeness of the spur and bevel gears which are supposed to transmit the torque. Spur gear transfers the power to two parallel shafts, whiles the bevel gear transmit the power between two perpendicular shafts. Thus, the formations of the teeth in spur and bevel gears are different. This issue affects the methods for obtaining the coefficients of the differential equations of gearboxes. In other words, configurations of the differential equivalents which determine the response of the gearboxes which connect only two shafts are the same. They are some differences in the values of the coefficients in equation (1) . By considering a zero backlash transmission system, the spur gearbox dynamic model, which is interface between two parallel shafts, is considered to be as follows [6] : Stiffness of the contact point is a time variable quantity depending on the number of teeth which are engaged to each other. The stiffness variation for each cycle can be considered with a minimum value when one pair of tooth are engaged together and maximum value when there are two contact points. The profile of the stiffness is shown in Fig. 5 [8]. In [8] an exact equation has been formulated for modelling the vibratory effects of spur gearbox. But this accuracy is pointless for evaluating the dynamic performance of the whole wind turbine system. So, it is possible to calculate the average value of the stiffness and employ it as a constant for simplicity, while the validity of our studies has not been affected. The average stiffness is given in equation (3): The minimum and maximum stiffness's can be calculated as follows [6] : We may rewrite the equation (7) for bevel gear: Where is the damping rate which varies between 3% to 17%, depending on the material type. By looking at the elements of equations (7) and (8) it is apparent that damping coefficients in spur and bevel gears are different.
Another parameter of the gear box is transmission error, which has been investigated for various types of gears by many references. According to [10] For computing the bevel gear transmission error, the method which has been discussed in [11] 
B. Shaft and Rotor System
As shown in Fig. 2 , dual and single rotor wind turbines have different arrangements of the shafts, rotors and blades. So the investigation of a basic mechanical system comprising two rotors which are connected to each other by a shaft can pave the way for studying the more complicated systems. Fig. 6 shows a basic mechanical system [12] . The shaft is modelled by a damper and a spring. The rotors are presented by masses and dampers. 
By having the fundamental equations of each mechanical element such as shaft, rotor, gearbox and blades, it is possible to obtain the dynamic behaviour of the whole mechanical system for each of the dual and single rotor wind turbines. The all-inclusive plot which shows the relationship between mechanical elements in both types of the turbines is given in Fig. 7 . Where, the torques and speeds with index ''s'' and ''d'' indicate the variables in single and dual rotor systems, respectively. In section V based on the arrangement in Fig. 7 , the dynamic performance of the dual and single rotor systems are compared through simulation studies. 
III. STREAM TUBE EFFECT
In dual rotor wind turbine, after the free upstream flow with the undisturbed speed V 1 passing the auxiliary rotor disk, the downstream flow velocity distribution is assumed to be composed of two parts, i.e. the disturbed and the undisturbed portions with the speed of V ' 2 and V 1 , respectively. This phenomenon has been shown in Fig. 8 .a [4] . But there is an assumption in the calculation procedure in which would affect the accuracy of the results negatively. The expansion of the stream tube behind the auxiliary rotor disk was neglected. To have more precise results, calculations performed in [4] must be revised by considering the expansion effect. According to the mass flow rate theory:
Therefore to obtain the area of the disturbed wind area (A ' 2 ) on the main turbine disc, it is necessary to calculate the disturbed wind velocity V ' 2 just next to the main turbine. Based on the equation (13) it is possible to estimate the amount of the wind speed at each point between the auxiliary and main blades [13] .
With x the non-dimensional distance from the auxiliary rotor disk, V x the velocity of the disturbed wind between rotors at point x and C T the trust coefficient which is taken to be 0.9. So, with respect to x=15, the value of the V x close to the main rotor is computable (rotors are located 15 meters apart from each other). By putting the obtained value of V ' 2 into equation (13) we can get the area of A ' 2 at any performance of the auxiliary rotor (Different CTs). One approach for examination of the dynamic functioning of the dual rotor is to analyse the rotors aerodynamically independent from each other. In other words the authors of the referred paper ( [4] ) treated the flow entering the auxiliary and main rotors as two independent uniform flows with the speed of V 1 and V M∞ , respectively. This is shown in Fig. 9 . The uniform flow entering the main rotor (V M∞ ) produces the same energy which is obtainable from the summation of the disturbed and undisturbed winds in Fig.8 .a. It is worth noticing that in the perfect operation of the blades (C T =0.9) the wind speed after the rotor would be reduced by 33.33%.
IV. SIMULATION RESULTS
To compare the dynamic behaviour of the dual and single rotor wind turbines, a simple power system has been modelled. The configuration of the model is illustrated in Fig. 10 . The stability strength of both systems has been examined in two aspects. At first the wind speed increases by 30% in a step and the response of the angular speed of both rotors are collected and compared together. The response of the systems to the wind step is shown in Fig.11 . According to Fig. 11 .a the fluctuations of the mechanical equipments are smaller in dual rotor system. In Fig.  11 .b simulation result shows that single rotor is more sensitive to the wind speed variations, since at an identical mechanical torque step change, the speed of the generator which is connected to the single rotor increases more than dual rotor. The main reason is the filtering effect of the wind turbine. The wind turbine acts as a low pass filter for high frequency fluctuations which lead to the better damping. The electromagnetic torque which is provided by the induction generator is considered to be constant. Secondly, we considered identical voltage sag at the terminals of both generators, while at this period of time the amount of wind speed is constant. The electromagnetic torque of the generator is proportional to the square of the voltage amplitude. So the voltage sag imposes a torque shock to the mechanical system of the wind turbines. As a result, the turbine hubs and generator rotors accelerate due to the large difference between mechanical and electromagnetic torques. From Fig. 12 observable that single rotor system is more susceptible to the instability, so the usage dual rotor wind turbines can enhance the transient stability of the wind farms. In other word they become unstable in longer fault durations. In Fig.13 , a network frequency drop is imposed to the both wind turbines and the amount energy which is released by wind turbines in post fault primary period is measured. From Fig. 13 it can be seen that the amount of energy provided by the dual rotor, in few second after the fault, is more than single rotor. Since the equivalent angular momentum (J) of the whole dual rotor turbine is more than single one. So, the energy which is delivered as a primary response of the generators would be more effective for restoration of the frequency back to its nominal value. 
V. CONCLUSION
As would be expected, because of the different mechanical components and arrangements, the reactions of the two types of turbines to the shocks are non-identical. The simulation results reveal that the single-rotor system is more sensitive to the torque shocks and amplitude of generator speed fluctuations is more than the dual-rotor system in transient conditions. Therefore, it can be concluded that in addition to the better wind energy absorption efficiency of the dual-rotor system (as reported by [4] ), the dynamic response of this system during transient situation is more stable in comparison to the single-rotor system. Additionally, dual rotor can introduces more energy in the short period after the network frequency drop. This can help dual rotor base wind farms to recover the frequency faster. This characteristic is considered to be a critical factor for any mechanical energy conversion system. A more stable response is considered as a great advantage by the energy companies since ability to remain stable after a fault is very important for the owners of the power system. 
